Introduction
The Notch pathway is well known to regulate neural progenitor maintenance and differentiation in animals (Louvi and Artavanis-Tsakonas, 2006; Yoon and Gaiano, 2005) . In vertebrates, the traditional view has been that Notch receptor activation inhibits neurogenesis to maintain neural stem and/or progenitor cell character, and in some cases to promote gliogenesis. This view has grown out of many studies that evaluated how Notch pathway manipulation influenced neural cell fate in Xenopus, chick, zebrafish, and mice. However, conclusions drawn from those studies have been oversimplified, most likely because early work on retinal development (Bao and Cepko, 1997; Henrique et al., 1997) and cell fate in Xenopus Chitnis and Kintner, 1996; Chitnis, 1995) focused on the generation of neurons as the primary process, and those studies sought to draw parallels to Notch function during fly neurogenesis.
The predominant ''textbook'' view regarding Notch in vertebrate neural development is that signaling selects a subset of cells within the germinal zone to become neurons, while the remainder stay undifferentiated for subsequent waves of neurogenesis. Those cells undergoing neuronal differentiation upregulate Notch ligands (see below), and thereby activate Notch receptors on neighboring cells to inhibit their differentiation. This process is routinely referred to as ''lateral inhibition.'' The basic lateral inhibition model became so conclusively accepted that for some time the field stalled, with additional work expected primarily to fill in the details. While it is true that fundamental elements of how Notch works during vertebrate neural development remain unchallenged, recently, noteworthy progress has been made addressing the following. Other recent reviews have thoroughly detailed the mechanistic aspects of Notch signaling (Fortini, 2009; Kopan and Ilagan, 2009) . Here, rather than attempt to duplicate such efforts, after a brief review of the pathway elements and signal transduction cascade, we will first focus on the functional role of Notch signaling in the embryonic vertebrate nervous system. We will also discuss recent studies examining the roles of Notch in the germinal zones of the postnatal brain, and parallels between those roles and Notch function during neural development. Finally, we will highlight recent work on the role of neuronal Notch activation in synaptic plasticity, learning, and memory. While much continues to be learned about Notch from work on invertebrates, and in particular fruit flies, in light of the numerous recent advances made with respect to Notch in vertebrate neural development, this review will focus primarily on that work.
Pathway Overview
Notch signaling is regulated by cell-cell interactions, with Notch receptors (of which there are four in mammals, Notch1-4) on one cell activated by ligands, the Delta-like (Dll1,3,4) and Jagged (Jag1,2) proteins, expressed on neighboring cells (Kopan and Ilagan, 2009) (Figure 1 ). Receptor stimulation involves dynamin-mediated endocytosis on the signal-sending and signalreceiving cells, with ubiquitination of the ligands (by the E3 ligase Mindbomb1 [Mib1], for example) and receptors (by the E3 ligase Deltex [Dx] , for example) employed to drive internalization (Fortini and Bilder, 2009) . Upon receptor activation, the intracellular domain of Notch (NICD) is ultimately cleaved at site 3 (S3) by the Presenilin proteases (Psen1/2) of the g-secretase complex, and translocates to the nucleus to associate with CBF1 (also called RBP-J or CSL) and Mastermind-like (Maml) proteins to activate transcription of target genes.
In the embryonic nervous system, the most heavily characterized Notch targets are the Hes (in particular Hes1 and Hes5) and related Hey genes (Iso et al., 2003; Kageyama et al., 2008a) . These genes encode inhibitory basic helix-loop-helix (bHLH) proteins, which repress the function of proneural bHLH proteins such as Ascl1 in the ventral forebrain, and the Neurogenins (Neurog1/2) in the neocortex. As expression of Ascl1 and Neurog1/2 promotes neuronal differentiation (Nieto et al., 2001; Powell and Jarman, 2008) , cells containing Notch activation are inhibited from becoming neurons. Additional Notch pathway targets are periodically reported in a variety of biological settings, although the relevance of these to neural development is often not clear. While the Hes/Hey genes remain the primary focus of canonical (CBF1-mediated) Notch signaling, other credible targets include cyclin D1 (Ronchini and Capobianco, 2001 ), p21 (Rangarajan et al., 2001 ), ErbB2 (Patten et al., 2006; Schmid et al., 2003) , Pou2f1 (Kiyota et al., 2008) , Abcg2 (Bhattacharya et al., 2007) , Nfia (Deneen et al., 2006; Namihira et al., 2009) , the astroglial genes BLBP and GFAP (Anthony et al., 2005; Ge et al., 2002) , and the newly identified Nepro, which appears to act downstream of Notch to inhibit neurogenesis early in neocortical development (Muroyama and Saito, 2009) .
Though direct lateral inhibition is a well-established model, in many instances, it more than likely cannot account for refining the Delta-Notch signaling pattern during development. Interestingly, it was reported in Drosophila neural development that dynamic filopodia can contact nonneighboring cells, allowing intermittent Delta-Notch signaling to regulate bristle spacing and organization (Cohen et al., 2010) . Such filopodia provide a means for individual cells to influence cohorts of nearby cells, and could permit integration of broader signaling trends across a tissue, rather than have everything be determined on a neighboring cell-by-cell basis. Though such filopodial Notch signaling has yet to be observed in other organisms, it will be important to determine whether vertebrate NSCs use a similar means of intermittent Notch-Delta signaling, and how such a cellular mechanism could be employed to regulate and refine neural cell fate specification.
In addition to the core signaling elements, Notch pathway modulators have been characterized to varying extents, including Numb (Zhong et al., 1996) , Numblike (Numbl) (Zhong et al., 1997) , and Dx (Eiraku et al., 2005; Patten et al., 2006; Sestan et al., 1999; Yamamoto et al., 2001 ). Unfortunately, after many years of study, how these components regulate the Notch cascade in the developing mammalian nervous system is not entirely clear. Numb and Numblike can antagonize Notch signaling (Sestan et al., 1999; Shen et al., 2002) , but disruption of these proteins in mice has not been easily reconciled with such a function, because some studies have suggested that Numb promotes progenitor character, while others suggest it promotes neurogenesis (Li et al., 2003; Petersen et al., 2002 Petersen et al., , 2004 Petersen et al., , 2006 Rasin et al., 2007) .
Recent work has provided potential insight into the regulation of Numb by the Golgi-associated protein ACBD3 (Zhou et al., 2007) . The model presented suggests that during mitosis and Golgi fragmentation, ACBD3 is released into the cytosol where it can interact with asymmetrically localized Numb to promote progenitor character in the daughter cell that contains Numb. However, once newly generated neurons become postmitotic, ACBD3 is retained in the Golgi, and Numb/Numbl instead antagonize Notch to permit neuronal maturation. The importance of regulating Notch signaling in differentiating neurons is supported by studies that found that Notch can influence dendritic arborization (see below) (Berezovska et al., 1999; Redmond et al., 2000; Sestan et al., 1999) and axonal guidance (Giniger, 1998; Le Gall et al., 2008; Song and Giniger, 2011) . While the molecular mechanisms by which Numb and Numbl regulate neural development are still being sorted out, the identification of ACBD3 as a relevant player provides an exciting new direction for consideration.
The Dx proteins (of which there are four in mammals, Dtx1-4) are ring domain E3 ubquitin ligases that regulate Notch receptor trafficking (Ijuin et al., 2008; Mukherjee et al., 2005; Wilkin et al., 2008; Wilkin and Baron, 2005; Yamada et al., 2011) . However, the role of Dx in development is complex, as it seems able to both positively and negatively regulate Notch (Martinez Arias et al., 2002; Matsuno et al., 1998; Patten et al., 2006; Sestan et al., 1999; Xu and Artavanis-Tsakonas, 1990) . Fortunately, recent studies in Drosophila have provided insight into the functional role of Dx that may account for these ambiguities (Wilkin et al., 2008; Yamada et al., 2011) . Such work has found that Dx-mediated Notch trafficking can lead to either production of NICD and signal transduction, or to degradation of Notch receptors and suppression of signaling. The former occurs when Dx interacts with specific vesicle sorting complexes (HOPS and AP-3) (Wilkin et al., 2008) , and Notch moves to the limiting membrane of the late endosome, where it can undergo S3 Notch signaling occurs between two adjacent cells as depicted. Only a subset of the pathway elements are shown for clarity and to highlight the fundamental components. A more complete schematic can be found in another recent review (Kopan and Ilagan, 2009 ). The site of S2 ligand-dependent processing is shown (arrowhead), as is the site of the g-secretase-PS1/2-mediated S3 cleavage (gray arrow). Ub, ubiquitin; PS, Presenilin.
processing and activation. Alternatively, Dx-mediated Notch trafficking, presumably in conjunction with the nonvisual b-arrestin Kurtz (Mukherjee et al., 2005) , leads to lysosomal targeting and receptor degradation. It will be interesting to determine if these same phenomena occur in vertebrates, especially in light of numerous studies implicating Dx proteins in mammalian neural development (Eiraku et al., 2005; Hu et al., 2003; Patten et al., 2006; Sestan et al., 1999) .
Notch in Neural Cell Fate
The hypothesis that Notch activation in vertebrates would inhibit neuronal differentiation was derived from classic fly genetic studies, which found that disruption of the Notch pathway led to excessive neuronal differentiation (Artavanis-Tsakonas et al., 1995) . Those studies, together with the identification of lateral inhibition during neurogenesis in grasshopper embryos (Doe and Goodman, 1985) , and vulval development in nematodes (Seydoux and Greenwald, 1989) , led to early work in mammalian cell lines Nye et al., 1994) and Xenopus and chick embryos Coffman et al., 1993; Henrique et al., 1995 Henrique et al., , 1997 Wettstein et al., 1997) showing that Notch activation in vertebrate cells influenced cell fate and inhibited neuronal differentiation. Indeed, recent work in the mouse brain has continued to support the model that lateral inhibition regulates the balance between neural progenitor maintenance and neuronal differentiation (Kawaguchi et al., 2008b) . The realization that Notch signaling performed a similar function during both fly and vertebrate neural development led to the identification of many vertebrate orthologs of fly pathway components that, for the most part, exhibited functions predicted by their roles in flies. As a result, for a number of years the field was dominated by studies drawing parallels between Notch function in flies and vertebrates. Notch in Gliogenesis About 10 years ago, our understanding of Notch function in vertebrates took a noteworthy step forward (Wang and Barres, 2000) . Work in the developing neocortex (Gaiano et al., 2000) , retina (Furukawa et al., 2000) , and neural crest (Morrison et al., 2000) showed that Notch activation not only inhibited neuronal differentiation and maintained neural progenitor character, but could also promote glial differentiation. That work, together with the contemporaneous realization that specific glial cell types could possess NSC character, created a potential link between the stem/progenitor cell maintenance function of Notch and its ability to promote glial fate in some contexts (Gaiano and Fishell, 2002) . For example, in the embryonic neocortex, where radial glia are now widely accepted to be embryonic NSCs (Anthony et al., 2004; Malatesta et al., 2003; Noctor et al., 2001) , the current view is that as ligand-expressing cells (typically presumed to be new neurons, but see below) migrate along radial glial processes (Campos et al., 2001) , they activate Notch receptors to maintain the radial glial stem cell state. The activation of Notch by newly generated neurons ensures both that the radial glial scaffold remains intact for ongoing neuronal migration, and that the neocortical progenitor pool is maintained for future waves of neuron production. A similar Notch receptorligand interaction occurs between progenitors and neurons in the developing retina, with Notch activation both inhibiting neuronal differentiation, and promoting Mü ller glial fate (Bao and Cepko, 1997; Furukawa et al., 2000) . With respect to the regulation of gliogenesis in mammalian cells by Notch, others have proposed that signaling first specifies a bipotential glial state, and then promotes the acquisition of astroglial over oligodendroglial character (Grandbarbe et al., 2003) . This model is consistent with work in zebrafish suggesting that Notch can promote oligodendrocyte precursor character, but inhibits oligodendrocyte differentiation (see below).
Work in the developing human neocortex has suggested that Notch signaling may play a role in radial glial NSCs in that context as well. A recent study has found a population of radial glial cells that occupy the so-called outer subventricular zone (OSVZ) (Hansen et al., 2010) . Those cells have lost their contact with the apical surface, but can continue to generate neurons. Treatment of brain slices with the g-secretase inhibitor DAPT, which blocks processing and activation of Notch receptors, leads to neuronal differentiation of OSVZ radial glia. However, because the g-secretase complex regulates the processing of many different membrane proteins, additional work will be required to show definitively that the effects of DAPT in this setting are truly a result of blocking Notch signaling. Nevertheless, placed in the context of what is known about Notch and radial glial in other settings (Gaiano and Fishell, 2002) , this result provides evidence that Notch is required for radial glial maintenance in the OSVZ.
The findings that Notch signaling promoted gliogenesis were exciting because they indicated that Notch could transduce an instructive signal in vertebrates, driving cells toward specific fates. This was in contrast to the longstanding view that Notch primarily prevented the acquisition of specific fates by holding vertebrate neural progenitors as undifferentiated. Whether Notch is truly ''instructive'' for gliogenesis remains a matter of debate, although it is clear that in certain contexts Notch at the very least plays an active role. For example, (1) Notch receptor activation can drive expression of specific astroglial markers, including BLBP and GFAP (Anthony et al., 2005; Ge et al., 2002) ; (2) Notch can work with its target Nfia to drive gliogenesis in the spinal cord and forebrain (Deneen et al., 2006; Namihira et al., 2009) ; (3) Notch can collaborate with the Janus tyrosine kinase (JAK)/signal transducer and activators of transcription (STAT) pathway, to promote glial differentiation (Kamakura et al., 2004; Yoshimatsu et al., 2006 ) (see below); (4) deletion of the canonical Notch transcriptional effector CBF1 severely disrupts glial development in both the CNS and PNS ; and (5) deletion of CBF1 or Notch1 in Schwann cell precursors in vivo reduces proliferation, while pathway activation instead increases proliferation and cell number (Woodhoo et al., 2009) .
With respect to gliogenesis in vertebrates, Notch primarily drives differentiation of astroglial cell types, including radial glia in the forebrain, Mü ller glia in the retina, Bergman glia in the cerebellum, and of course astrocytes (Gaiano and Fishell, 2002) . In contrast, Notch appears to inhibit oligodendrocyte differentiation, as has been shown in both mammals and zebrafish (Park and Appel, 2003; Taylor et al., 2007; Wang et al., 1998) . However, work in the zebrafish has also shown that Notch signaling, mediated by the cyclin-dependent kinase inhibitor Cdkn1c (Park et al., 2005) , can promote oligodendrocyte precursor cell (OPC) specification in the ventral spinal cord (Park and Appel, 2003) . Similarly, others have shown that GFAP+ radial glial cells in the embryonic zebrafish spinal cord give rise to both neurons and OPCs, and that Notch is required to limit motor neuron generation and permit OPC specification (Kim et al., 2008) . That Notch signaling promotes OPC fate, but then inhibits subsequent oligodendroctye differentiation, underscores the importance of precisely coordinated pathway regulation as cells move through multiple choice points during lineage progression. The extent to which this sort of iterative Notch pathway utilization occurs during tissue development and cell fate specification in vertebrates more broadly should remain an issue of ongoing consideration. Notch in Binary Fate Choice Although early modeling of Notch function in vertebrate neural development suggested that signaling primarily selected subsets of cells to differentiate while others remained as progenitors, the work on gliogenesis indicated that Notch could play a more active role in cell fate specification, and that the regulation of signaling could drive the generation of specific cell types. Extending this principle to neurogenesis, in the murine retina, conditional inactivation of Notch1 or CBF1 showed that pathway activity is required to suppress photoreceptor fate by first inhibiting cone generation, and later, rod generation (Jadhav et al., 2006; Riesenberg et al., 2009; Yaron et al., 2006; Zheng et al., 2009 ). These findings were of particular interest because they revealed that Notch signaling was preferentially suppressing photoreceptor fate rather than all neuronal fates, which would have been the simplest prediction if Notch were primarily maintaining progenitor character.
Consistent with a role in generating neuronal subtype diversity, recently it has been shown that Notch signaling in vertebrates can regulate binary fate choices leading to multiple distinct neuronal cell types (Cau and Blader, 2009 ). Such a function for Notch is consistent with its long-appreciated role in binary fate choices in invertebrates, in particular nematode vulval development, and Drosophila PNS and eye development (Sundaram, 2005) . For example, in the spinal cord Notch was shown to influence the generation of excitatory and inhibitory interneurons in both the dorsal and ventral domains. Interestingly, Notch promoted excitatory interneuron character dorsally (Mizuguchi et al., 2006) , and inhibitory interneuron character ventrally (Peng et al., 2007) , indicating that Notch activity is not instructively generating neurons of a specific neurotransmitter type, and is instead acting in a context-dependent manner. Similar findings have been obtained in work on the zebrafish spinal cord, suggesting that a role for Notch in regulating spinal cord neuronal subtype identity is evolutionarily conserved (Batista et al., 2008; Kimura et al., 2008) .
Another example of the Notch pathway playing a role during a binary fate choice can be found in studies of the inner ear (Cotanche and Kaiser, 2010) . In the developing cochlea, prosensory patches are first specified by Notch activation using an inductive mechanism (Daudet and Lewis, 2005; Hartman et al., 2010) . Expression of the Notch ligand Jag1 in clusters of cells leads to Notch receptor activation, and the subsequent expression of the transcription factor Sox2, which together with Notch signaling plays an essential role in prosensory patch establishment and maintenance (Daudet et al., 2007; Daudet and Lewis, 2005; Kiernan et al., 2005b) . Subsequent to the formation of such patches, the Notch pathway is again deployed to mediate the division of the prosensory patch into a cellular mosaic composed of sensory hair cells and supporting cells. This process utilizes lateral inhibition, with those cells selected to become hair cells activating Notch receptors on neighboring cells to drive their differentiation toward support cell fate (Brooker et al., 2006; Hartman et al., 2010; Kiernan et al., 2005a; Pan et al., 2010) . Considering that there are numerous different types of support cells, it seems reasonable to speculate that Notch may play a role in the generation of that diversity as well, although recent work has shown that at least one support cell type is specified in a Notch-independent manner (Doetzlhofer et al., 2009) . Conditional Disruptions of CBF1 and Mib1: Newfound Clarity Although numerous loss-of-function studies have been carried out examining the role of the Notch cascade during neural development, many of those studies were complicated by early lethality and functional redundancy (Yoon and Gaiano, 2005) . As such, while the results obtained were taken as evidence that disruption of Notch activation led to precocious neuronal differentiation, it was not until several recent studies that this contention has become more definitively supported. In particular, several groups have performed nervous-system-specific deletion of the primary Notch effector CBF1. One such study focused on the finding that although CBF1 did not appear to be essential for neurogenesis, it was indeed required for gliogenesis in both the CNS and PNS . However, more recent studies have supported a role for CBF1 during neurogenesis Imayoshi et al., 2010; Riesenberg et al., 2009; Zheng et al., 2009) , suggesting that the lack of a neurogenic phenotype in the earlier work may have resulted from incomplete recombination.
Among the recent studies examining the effect of CBF1 deletion, one in particular has provided exceptionally clear evidence that canonical Notch signaling is essential for neural stem/progenitor cell maintenance during forebrain development (Imayoshi et al., 2010) . Imayoshi and colleagues deleted CBF1 using Cre recombinase driven by the Nestin promoter, and observed depletion of the progenitor pool and widespread precocious neurogenesis, in a manner entirely consistent with the traditional model of Notch function during vertebrate neural development. The authors went one step further and also examined the role of CBF1 in postnatal neurogenesis, where CBF1 deletion (using an inducible form of Cre), was followed first by excessive proliferation in the SVZ germinal zone of the lateral ventricles, and then by depletion of proliferatively active cell types. This result could be explained by conversion of NSCs into transit amplifying cells (TAPs), which initially led to increased proliferation and neurogenesis. However, because TAPs have limited self-renewal capacity, they all eventually differentiate into neurons (or other nonprogenitor cell types). Furthermore, after postnatal deletion of CBF1, the SVZ was unable to recover from treatment with the antimitotic agent Ara-C, suggesting that slow-dividing NSCs (Doetsch et al., 1999) were no longer present (Imayoshi et al., 2010) . This work has been nicely corroborated by the findings of other groups examining deletion of CBF1 during brain development , in the germinal zone of the adult dentate gyrus (Lugert et al., 2010) , and in the retina (Riesenberg et al., 2009; Zheng et al., 2009) .
While deletion of CBF1 has provided clear evidence that canonical Notch signaling downstream of receptor activation is essential for neurogenesis (and gliogenesis), additional support has come from loss-of-function analysis upstream of Notch receptor activation. Mib1 is an E3 ubiquitin ligase that promotes internalization of Notch ligands and is required for receptor activation (Itoh et al., 2003; Koo et al., 2005) . After conditionally deleting Mib1 during neocortical development, a recent study observed depletion of the progenitor pool and widespread precocious neurogenesis (Yoon et al., 2008) . This result was very similar to the more recent CBF1 deletion study described above (Imayoshi et al., 2010) .
A particularly interesting aspect of the Mib1 deletion work was the finding that Mib1 is expressed primarily in intermediate neural progenitors (INPs) rather than in neurons. Based upon this finding and other in vitro efforts, the authors concluded that the major source of ligand stimulation for Notch receptors on VZ radial glial stem cells comes from INPs (Figure 2 ). This is in contrast to the longstanding view that the primary source of Notch ligand came from newly generated neurons. The observation that ligand-receptor interactions can take place between progenitor types is an important observation, because it identifies a feedback mechanism through which proliferative populations of cells can interact and regulate one another. Similar types of interactions have been identified among stem and progenitor cell subtypes in the postnatal brain of both mice and zebrafish (see below). Notch Signaling and Apical-Basal Polarity The retina was among the first places in which the role of Notch signaling in vertebrate neural development was examined (Austin et al., 1995; Bao and Cepko, 1997; Henrique et al., 1997) , and arguably produced some of the most compelling early work supporting the model of lateral inhibition (Henrique et al., 1997) . Recent work in the zebrafish retina has provided insight into the function of the Notch pathway with regards to the geometry of signaling between newly generated ligand-expressing neurons and the receptor-expressing retinal progenitors they inhibit from differentiating (Del Bene et al., 2008) . Del Bene and colleagues found that apical-basal gradients exist in the expression of both Notch receptors and ligands, although interestingly those gradients are opposing with receptor higher apically and ligand higher basally. Furthermore, the expression patterns of Notch ligands, receptors, and indicators of Notch activation were consistent with higher levels of Notch signaling on the apical side of the retinal neuroepithelium than on the basal side. Consistent with such asymmetry, in mutants with disrupted interkinetic nuclear migration, where progenitors spent more time in the basal portion of the neuroepithelium than the apical portion, increased neuronal differentiation was observed. Notably, very recent work, also in zebrafish, has suggested that Notch signaling is not only influenced by the apical-basal polarity of the neuroepithelium, but that the pathway plays a causal role in the generation of that polarity (Ohata et al., 2011) .
Additional evidence that cell position in the neuroepithelium may influence Notch signaling has come from a recent study examining gene expression during neural development in the chick (Cisneros et al., 2008) . That work noted that Notch1, Delta1, and target expression (c-Hairy1/Hes1 and Hes5-1) varied with cell cycle progression. During S-phase, when stem/ progenitor cells are at the basal side of the neuroepithelium, Notch pathway utilization was significantly lower than in other parts of the cell cycle when stem/progenitor cells are at intermediate or apical positions. These findings are similar to what has been shown in the zebrafish retina (Del Bene et al., 2008) , although the opposing gradients of Notch receptor and ligand seen in that context do not appear to be present in the chick, where instead, the gradients are both high apical to low basal. While the purpose of these gradients remains to be elucidated, they reveal an unexpected level of complexity in the localization of Notch pathway activity. One plausible explanation is that the gradients are used to coordinate Notch activation and cell cycle progression, perhaps in an effort to create a causal link between the two.
In addition to apical-basal gradients across a field of cells, apical-basal asymmetry can exist within a single cell, contributing to cellular polarity. For example, a recent study has shown The neocortical germinal zone (VZ and SVZ) contain multiple proliferative cell types. Notch signaling is differentially utilized among these cells as suggested by EGFP expression in the TNR mouse line (Mizutani et al., 2007) . In addition, Notch activation in VZ cells is driven by ligand expression and Mib1 function in SVZ cells (Yoon et al., 2008) . NSC, neural stem cell; INP, intermediate neural progenitor; BP, basal progenitor; Mib1, Mindbomb1; Dll1, Delta-like 1; VZ, ventricular zone; SVZ, subventricular zone. that in both Drosophila sensory organ precursor cells and canine kidney (MDCK) cells, Delta is localized to the basolateral membrane, segregated from apically localized Notch receptor (Benhra et al., 2010) . However, that study revealed that the location of Delta is transient, and Neuralized, an E3 ubiquitin ligase, promotes the internalization and transcytosis of Delta from the basolateral membrane to the apical membrane where it can interact with Notch receptors. Though the signals regulating Neuralized-Delta trafficking in this context are uncertain, this study supports the idea that single-cell Delta-Notch localization is dynamic, thus providing a potential mechanism not only to regulate Notch activity, but also to modify the Notch signaling pattern initially established by lateral inhibition. In light of recent modeling work examining cellular cis and trans interactions between Notch receptors and ligands (Sprinzak et al., 2010) , the study by Benhra and colleagues raises interesting questions about the role of transcytosis and either compartmentalizing or mixing receptors and ligands within a given cell. The former would be expected to permit trans signaling with neighboring cells, while the latter, to block signaling on a cell-autonomous level through cis interactions between ligand and receptor.
All told, these studies are thought provoking and add an interesting new twist to the relevance of apical-basal polarity in neuroepithelial progenitors. Although others have found such polarity with respect to molecules intrinsic to those cells (Bultje et al., 2009; Chenn and McConnell, 1995; Chenn et al., 1998; Rasin et al., 2007) , this work suggests that asymmetric distribution of cues across the germinal zone also plays a role. Whether a gradient of Notch activity will prove to be a general property of neuroepithelia in many other contexts remains to be determined. However, notably, two studies examining the localization of activated Notch1 during mouse neocortical development found that it was not uniform across the apical-basal extent of the neocortical VZ, but instead showed higher activation basally than apically (Ochiai et al., 2009; Tokunaga et al., 2004) . Notch Signaling and Progenitor Subtypes Another recent advance with respect to Notch signaling in vertebrate neural development relates to our increasing grasp of progenitor heterogeneity in terms of gene expression and signaling. Although the existence of numerous proliferative neural cell types, even within a given region, has long been appreciated, our understanding as to how that heterogeneity is created has lagged behind. Fortunately, progress is being made through studies of both in the embryonic and postnatal brains (Corbin et al., 2008; Suh et al., 2009 ).
In the embryonic neocortex, there are at least two primary proliferative neural cell types, radial glial NSCs, which are located in the ventricular zone (VZ), and INPs, a fraction of which are present in the VZ, while the majority are in the subventricular zone (SVZ) (Farkas and Huttner, 2008; Pontious et al., 2008) . The segregation of these two populations has been studied using time-lapse imaging of slice cultures (Noctor et al., 2001 (Noctor et al., , 2004 , and by gene expression analysis (Englund et al., 2005) . Interestingly, many INPs express the transcription factor Tbr2 (Englund et al., 2005) , which has recently been shown to be a target of Neurog2 (Ochiai et al., 2009 ), a finding that connects the Notch cascade to marker expression in a specific proliferative neural cell type.
Although numerous molecular markers have been identified that distinguish neural stem/progenitor cell subtypes in the embryo, and in the adult, less is known about signaling heterogeneity. With respect to Notch, our own work using a transgenic Notch reporter (TNR) mouse line has found that signal transduction is differentially regulated in specific subsets of cells in the telencephalic germinal zone (Mizutani et al., 2007) , and that while receptor activation inhibits the neuronal differentiation of most neocortical progenitors, only a subset appear to use the CBF1-Hes1/5 cascade (Figure 2) . That subset has self-renewal and differentiation characteristics akin to NSCs, while the second subset, with attenuated CBF1-Hes1/5 signaling, is composed of neurogenic INPs. Interestingly, shRNA-mediated knockdown of CBF1 in vivo caused a shift from NSC to INP character, suggesting that the regulation of CBF1 activity plays a causal role in the generation of INPs from NSCs. Consistent with this contention, others have shown that blocking the processing and activation of Notch receptors via treatment of neocortical slices with DAPT (a g-secretase inhibitor) leads to a shift from ''apical progenitors'' (VZ cells) to ''basal progenitors'' (Tbr2+ cells) (Kawaguchi et al., 2008a) . In addition, a recent study found, using the neurosphere assay and gene expression analysis, that deletion of CBF1 in neocortical progenitors leads to a shift from NSC to INP fate .
In vivo, NSCs and INPs coexist in the VZ (Gal et al., 2006; Mizutani et al., 2007) , although currently little is known about how those cell types segregate during development, how Notch signaling functions in INPs, and how INPs in the VZ are related to INPs in the SVZ. As mentioned above, disruption of Mib1 in the mammalian neocortex has suggested that INPs provide a ligand-mediated signal that can activate Notch receptors on NSCs (Yoon et al., 2008) . Yoon and colleagues used the TNR line mentioned above (Mizutani et al., 2007) to segregate NSCs and INPs by flow cytometry, and showed that Tbr2 and Mib1 are highly enriched in INPs, and that when cocultured with responder cells, INPs (but not NSCs) activated Notch signaling in trans.
Additional evidence for Notch pathway heterogeneity among neocortical VZ cells has come from single-cell gene expression profiling and cluster analysis, which identified two distinct cell types in the VZ that differ with respect to expression of Notch pathway components (Kawaguchi et al., 2008a) . Furthermore, a transgenic mouse designed to express EGFP from a portion of the Hes5 promoter exhibits heterogeneity of expression in the VZ, some of which appears columnar in nature (Basak and Taylor, 2007) , consistent with our own findings suggesting that contiguous cohorts of VZ cells are heterogeneous with respect to Notch-CBF1 usage (Mizutani et al., 2007) . As expression of Notch receptors and targets is largely restricted to the VZ during development (Irvin et al., 2001; Mason et al., 2005) , it seems unlikely that Notch activation plays a major role in the regulation of INPs in the SVZ.
Our understanding of the roles of Notch signaling during the generation of neural stem and progenitor heterogeneity, and in differentially regulating those cells, is still in its infancy. It has become clear, however, that the traditional model of Notch as regulating the balance between proliferative cells and differentiated cells was oversimplified. Instead, work in both the embryonic brain and the adult (see below) indicates that distinct subsets of neural stem and progenitor cells utilize Notch signaling to differing extents and possibly in different ways. The next step will be to identify the molecular mechanisms through which this signaling heterogeneity is achieved. Oscillating Hes1 in the Embryonic Neocortex The general roles of Notch signaling in embryonic neural progenitors, and in the canonical signal transduction cascade, are well established. The primary known targets with respect to neural development in mammals are Hes1 and Hes5. Interestingly, while Hes1 can certainly be regulated by Notch signaling, it also appears to receive regulatory inputs from a number of other signaling cascades, including those of the Sonic Hedgehog (Shh) (Ingram et al., 2008; Solecki et al., 2001; Wall et al., 2009 ) and JAK/STAT pathways (Bhattacharya et al., 2008; Kamakura et al., 2004; Yoshimatsu et al., 2006) . As Hes1 can inhibit neuronal differentiation, having multiple input mechanisms to drive its expression could provide redundancy and/or pathway connectivity.
Although a role for oscillatory Hes1 expression has been known for many years with respect to somitogenesis (Aulehla and Pourquié , 2008) , only recently has such an oscillatory pattern been observed in the embryonic nervous system (Kageyama et al., 2008b; Shimojo et al., 2008) . The static nature of most developmental studies, especially in mice, has resulted in snapshots of development that have led to assumptions regarding the dynamics of gene expression. The model in neocortical development, for example, has been that competition between adjacent cells in the VZ leads to certain cells expressing high levels of Notch targets, including Hes1, while other cells express lower levels of Hes1, and instead express proneural genes (e.g., Neurog2) and the Notch ligands they regulate (Castro et al., 2006; Nelson et al., 2009 ). However, this modeling typically invokes stochastic fluctuations in gene expression as playing a part in generating heterogeneity, such that initial slight differences are then amplified via reinforcing feedback loops.
The autoregulatory function of Hes1, which can repress its own expression (Hirata et al., 2002) , lends itself well to driving fluctuations in gene expression such that adjacent cells would have differential expressions, which could then be amplified. Oscillatory expression of Hes1, and consequently other elements of the pathway (Shimojo et al., 2008) , would create a ''pulsatile'' inhibition of neurogenesis, whereby only after fixing Hes1 expression in the low/off position, could neuronal differentiation proceed (Figure 3 ). Shimojo and colleagues found the oscillation cycle of Hes1 in neural progenitors to be about 2 hr, consistent with what has been observed in other settings (Hirata et al., 2002; Kobayashi et al., 2009 ). Such periodicity would permit multiple oscillations during the cell cycle (which varies from 8 to 15 hr as neocortical development proceeds), indicating that fixation of high or low Hes1 expression could, at least in principle, occur at numerous points throughout the cycle.
While the discovery that Hes1 oscillates in neural progenitors certainly adds to our understanding of neural development, questions remain about the role played by other pathway targets, which do not appear to have such feedback loops. One possibility is that oscillations in Hes1, the expression of which could be driven by multiple inputs, might provide the foundation upon which the rest of the Notch signaling system builds upon (Figure 3) . Asymmetries in Hes1 expression between neighboring progenitors could become amplified, thereby leading to asymmetry in Notch ligand expression and receptor activation, and expression of other target genes in the subset of cells that will remain undifferentiated. While more work will be needed to fully understand the importance of cycling Hes1 in neural progenitors, this recent advance has added an exciting new element for consideration in the study of the regulation of neural stem and progenitor cells by Notch.
Pathway Interactions
Investigating the interplay between signaling pathways, at the protein-protein level, the gene regulatory level, and ultimately in terms of functional outcomes, will be critical to obtaining (Shimojo et al., 2008) . The periodicity of these cycles is about 2 hr, and they lead to the cyclical expression of Neurogenin2 (Neurog2) a complete understanding of neural stem/progenitor cell regulation. Over the past several years there has been an explosion in the number of studies examining interactions between the Notch cascade and other major signaling pathways. Though it is evident that Notch signaling crosstalks with the Wnt, Hedgehog, FGF, EGF, and BMP signaling cascades (among others) during neural development, below we specifically review interactions between Notch and JAK-STAT signaling, where the most extensive progress has been made, and Notch and the Reelin pathway, where a new and exciting interaction has recently been identified.
Notch and JAK-STAT Signaling
Similar to what has been observed with Notch signaling, activation of the JAK-STAT pathway had been shown to drive embryonic neural progenitors toward astrocyte differentiation (Miller and Gauthier, 2007) , suggesting possible pathway crosstalk. JAK-STAT activation occurs when cytokines such as interleukin-6 (IL-6), leukemia inhibitory factor (LIF), ciliary neurotrophic factor (CNTF), and cardiotrophin (CT-1) activate the heterodimeric receptor composed of the glycoprotein gp130 and the LIFRb coreceptor (Touw et al., 2000) . That receptor complex then activates the JAKs, which in turn activate the transcriptional regulators of the STAT family. The activation of JAK-STAT signaling plays a major role in the transition from neurogenesis to gliogenesis during forebrain development, a topic that has been reviewed recently (Miller and Gauthier, 2007) .
The existence of interactions between Notch and JAK-STAT signaling received early support from observations that the GFAP promoter contains binding sites for both STAT3 and CBF1 (Ge et al., 2002) . That work found that Notch-CBF1 signaling could not activate GFAP expression unless gliogenic cues that activated the JAK-STAT cascade were also present. A more recent study has found that Notch and CNTF act cooperatively during astrogliogenesis (Nagao et al., 2007) , and identified phosphorylation of STAT3 on serine 727 as important for that interaction. Interestingly, a prior study in hippocampal adult neural progenitors suggested that activation of Notch1 and Notch3 could promote astrocyte differentiation independent of STAT3 signaling (Tanigaki et al., 2001 ). Thus, Notch may promote astrogliogenesis with or without STAT activation, depending upon the cellular context. Numerous other studies have examined interactions between Notch and JAK-STAT signaling (Bhattacharya et al., 2008; Kamakura et al., 2004; Yoshimatsu et al., 2006) . For example, Kamakura and colleagues made the surprising observation that the Notch-CBF1 targets Hes1 and Hes5 form complexes with JAK2 and STAT3 to positively regulate their kinase and transcriptional functions, respectively (Kamakura et al., 2004) . Those complexes were detected by coimmunoprecipitation (co-IP) using overexpression of Hes1 and Hes5 in COS1 cells. In addition, IP of endogenous Hes1 from the nuclear fraction of cells pulled down JAK2. In further support of a functional interaction between the Hes proteins and JAK-STAT signaling, STAT3 function was required for activated Notch1 or Hes5 overexpression to promote radial glial character in vivo, and to promote astrocyte character in vitro (Kamakura et al., 2004) . This was shown in vivo, for example, by coelectroporating a construct expressing activated Notch1, together with a second construct expressing a dominant-negative form of STAT3, which could blocks its effects. This study was notable because it provided direct evidence for a specific molecular interaction between the Notch-Hes and JAK-STAT cascades.
A subsequent study by the same group examined the role of JAK-STAT signaling during neurogenesis (Yoshimatsu et al., 2006) . That work revealed that STAT3 was required to maintain expression of the Notch ligand Delta-like 1 (Dll1), and suggested that Dll1 was a direct transcriptional target of STAT3. In the absence of STAT3, Dll1 levels were reduced, thereby reducing Notch activation and neurosphere colony formation in a seemingly non-cell autonomous manner. Interestingly, others had shown that gp130 signaling could upregulate Notch1 expression during neurogenesis (Chojnacki et al., 2003) . Thus, it appears that during neurogenesis, JAK-STAT signaling promotes neural progenitor maintenance by increasing both Notch ligand and receptor expression, which then leads to increased Notch activation. It is interesting to speculate that the effect of STAT3 loss on Dll1 expression, while potentially direct, might also be the indirect result of STAT3 regulating Hes1 protein levels. A recent study has shown that reduced STAT3 activation increased the half-life of Hes1 (Yoshiura et al., 2007) , an effect that would be expected to decrease Dll1 expression.
Another recent study linking Notch to JAK-STAT signaling made a very novel set of observations suggesting a mechanism of Notch signal transduction that appears to be independent of the canonical effector CBF1 (Androutsellis-Theotokis et al., 2006). The authors found that within 5 min of exposure to exogenous soluble Notch ligand (Delta-like 4), there was an increase in Akt phosphorylation, followed by subsequent mTOR and STAT3 serine phosphorylation. This study described a host of novel and unexpected interactions between Notch, JAK-STAT, p38, Hes3, and Shh signaling in regulating the balance between neural progenitor differentiation and survival. The emphasis on Hes3 by this study and subsequent work by the same group (Androutsellis-Theotokis et al., 2009) is noteworthy, as the field has primarily focused on Hes1 and Hes5. The authors went on to show that infusion of Notch ligands into the rat brain in vivo could increase progenitor cell numbers and contribute to improved recovery after ischemic injury. It should be noted, however, that as soluble ligands can either activate or block Notch receptors (Hicks et al., 2002) , and loss of canonical Notch signaling can transiently increase progenitor numbers (Imayoshi et al., 2010) , this work should be interpreted with caution. In subsequent studies it will be important to determine if and how these newly proposed elements of the Notch cascade relate to traditional signaling mechanisms.
Notch and Reelin
Having examined this newly characterized interaction in some depth relatively recently (Gaiano, 2008) , we will limit discussion of it here. In brief, several groups have made the exciting and unexpected observation that the Notch pathway can interact with Reelin signaling in the embryonic neocortex (HashimotoTorii et al., 2008) , in the hippocampus (Sibbe et al., 2009) , and in a human neural progenitor cell line (Keilani and Sugaya, 2008) . With respect to neocortical development, Notch was found to play a major role in mediating the effects of Reelin on neuronal migration (Hashimoto-Torii et al., 2008) . Reelin-deficient mice had reduced Notch signaling in the embryonic neocortex, and deletion of Notch1 and Notch2 was found to phenocopy Reelin disruption. Furthermore, activation of Notch1 in vivo could rescue Reelin deficiency. Subsequent analysis went on to show that signaling through Disabled-1, a primary Reelin effector, could increase the level of NICD1 in the cell by reducing its degradation. Consistent with this idea, others have identified a physical interaction between Disabled and Notch in both human neural progenitors (Keilani and Sugaya, 2008) and Drosophila (Le Gall et al., 2008) .
One lingering question, not entirely resolved by the neocortical study, was the extent to which the interactions observed were occurring exclusively in neurons, and to which extent the interactions were also occurring in radial glia, disruption of which would likely perturb neuronal migration. Indeed, a recent study of the developing dentate gyrus suggests that interactions between Notch and Reelin are essential for proper formation of the radial glial scaffold in that setting (Sibbe et al., 2009) . Additional work will need to carefully dissect interactions between Reelin and Notch in radial glia and/or in neurons. Nevertheless, the connection of these pathways in either setting is an exciting development worthy of ongoing investigation.
Notch in Postnatal Neurogenesis
For years, the role of Notch signaling in neural progenitors was studied almost exclusively in the context of embryonic development. However, with the discovery that ongoing neurogenesis occurs in at least two areas of the adult brain, the SVZ of the lateral ventricles and the subgranular zone (SGZ) of the hippocampal dentate gyrus (Suh et al., 2009 ), a role for Notch in regulating neural stem and progenitors cells in those settings seemed plausible, and even probable. Indeed, expression of pathway components in the postnatal brain has been observed by several groups (Givogri et al., 2006; Irvin et al., 2004; Stump et al., 2002) , and numerous studies examining the functional role of Notch signaling in postnatal germinal zones have provided a large body of evidence that Notch does indeed regulate postnatal neurogenesis (Ables et al., 2010; Aguirre et al., 2010; AndreuAgulló et al., 2009; Breunig et al., 2007; Carlé n et al., 2009; Chapouton et al., 2010; Ehm et al., 2010; Imayoshi et al., 2010; Lugert et al., 2010) (Figure 4 ).
Many parallels can be drawn between the function of Notch in embryonic and adult stem cell maintenance and neurogenesis. For instance, similar to the Notch signaling heterogeneity observed in embryonic neocortical VZ neural progenitors (Mizutani et al., 2007) , Notch activity also appears to be present in different progenitor subpopulations in the adult hippocampal SGZ Lugert et al., 2010) and SVZ of the lateral ventricles (Aguirre et al., 2010; Andreu-Agulló et al., 2009) . Furthermore, it is now evident that, as shown in the embryonic brain (Imayoshi et al., 2010; Yoon and Gaiano, 2005; Yoon et al., 2008) , Notch signaling is required for NSC maintenance in the adult brain (Ables et al., 2010; Breunig et al., 2007; Ehm et al., 2010; Imayoshi et al., 2010; Lugert et al., 2010 ) (see above for discussion of Imayoshi et al.) .
Moving beyond the notion that Notch signaling is essential for the maintenance of adult NSCs, several studies have examined the pathway's role in regulating the balance between active and quiescent adult NSCs. One such study was performed in the dentate gyrus of the mouse hippocampus using a transgenic mouse line with expression of EGFP driven by a portion of the Hes5 promoter (Lugert et al., 2010) . Lugert and colleagues found that the Hes5::EGFP+ population of cells was composed of several distinct subsets of NSCs, which differed in terms of morphological characteristics and also with respect to how they responded to specific stimuli. For example, quiescent radial NSCs, unlike horizontal NSCs, were found to preferentially respond to exercise and became proliferatively active. In addition, the authors provided evidence that NSCs could shift back and forth between proliferative activity and quiescence as needed, and that CBF1 was essential for adult NSC maintenance. In related work, another group has recently shown that deletion of Notch1 dramatically reduced the number of NSCs and neurogenesis in the dentate gyrus, but that exercise could counteract this effect specifically by enhancing neuroblast progenitor proliferation (Ables et al., 2010) . Although the latter study suggested there was no increase in NSCs, in light of the work of Lugert et al., it is tempting to speculate that an NSC subtype that is responsive to exercise might require CBF1, but not Notch1. Additional work will be needed to determine how the different types of NSCs and other progenitors (Aguirre et al., 2010) . EGFR signaling can increase the number of transit amplifying progenitors (TAPs, or type C cells), and that increase in turn leads to reduced self-renewal of NSCs. Also depicted is the recent finding that the pigmented epithelium derived factor (PEDF) can enhance Notch signaling in SVZ NSCs (AndreuAgulló et al., 2009). are uniquely regulated, and what the role of Notch signaling is in that context.
Further evidence that neural stem/progenitor signaling heterogeneity exists in the germinal zones of the adult brain has come from use of the TNR mouse line (Mizutani et al., 2007) and detection of endogenous NICD1. One recent study showed that Notch signaling is primarily present in NSCs (type B cells), but not in TAPs (type C cells), in the adult SVZ (Andreu-Agulló et al., 2009 ). This finding is consistent with work in the embryonic forebrain showing heterogeneity in the VZ with radial glial NSCs possessing canonical Notch-CBF1 signaling, and INPs having attenuated or redirected signaling (Mizutani et al., 2007) . Treatment with the vascular niche factor pigmented epithelium derived factor (PEDF) could increase Notch signaling, apparently downstream of receptor activation, and instead, at the level of the transcriptional regulatory complex (AndreuAgulló et al., 2009) . The latter was achieved through p65-dependent shuttling of the nuclear corepressor (N-CoR) into the cytoplasm, resulting in derepression of Notch targets. Interestingly, Andreu-Agullo et al. suggested that EGFR is a direct target of Notch-CBF1 signaling, and that PEDF treatment drove symmetric cell division, with high levels of EGFR expression in both daughter cells after NSC divisions.
Another recent study has provided evidence for interactions between Notch and EGFR signaling in the postnatal SVZ. That work used a transgenic mouse line to drive expression of the EGFR in type C cells (TAPs), but not the type B cells (NSCs) in that region (Aguirre et al., 2010) . Presumably as a result of enhanced EGFR signaling, and subsequent proliferative expansion, that transgenic mouse contains an increased number of type C cells (see Figure 4) . Interestingly, those mice also have a reduced number of type B cells, suggesting a potential regulatory interaction between the two cell types. Indeed, both in vivo and in vitro analyses revealed that EGFR signaling in type C cells suppresses Notch signaling in type B cells, and leads to reduced numbers of the latter. This interaction is regulated by modulation of Numb, such that increased EGFR expression in type C cells (in the transgenic line) led to increased Numb expression in type B cells, while decreased EGFR activity (in Wa2 mutant mice) led to reduced Numb expression and increased Notch activity in type B cells. That work also provided biochemical evidence that Numb regulates Notch function through ubiquitin-mediated degradation. Although the exact mechanism of communication between EGFR signaling in type C cells and Notch pathway regulation in type B cells remains to be determined, the work of Aguirre and colleagues provides solid evidence that interactions between stem/progenitor cell subtypes can maintain a homeostatic balance in cell numbers during postnatal neurogenesis.
Although the study by Aguirre et al. describes a mechanism through which intermediate progenitors in the adult SVZ feed back to inhibit the proliferation of NSCs, that mechanism is unlikely to exist during embryonic development, when intermediate progenitors are abundant and yet NSCs are highly proliferatively active. A difference between the function of Notch in embryonic and postnatal NSCs with respect to proliferation is perhaps not surprising considering the expansive nature of the embryonic germinal zone as compared with the homeostatic nature of the adult neural germinal zones. Indeed, it has been found that as neocortical development proceeds toward maturation, activation of Notch can actually inhibit proliferation in the VZ (Gaiano et al., 2000) .
In contrast to the work of Aguirre et al., where Notch activation was found to promote proliferation, it was recently reported that Notch activation in the adult ependymal cell layer (which lines the lateral ventricles) promotes quiescence (Carlé n et al., 2009) . While under normal circumstances, little proliferation of ependymal cells is evident, in response to stroke injury those cells proliferated and gave rise to neuroblasts and astrocytes. This process was accompanied by reduced Notch signaling, suggesting a possible causal connection between Notch and ependymal cell quiescence. In support of such a connection, deletion of CBF1 led to an apparent proliferative depletion of the ependymal layer, and Notch activation blocked the proliferative response of ependymal cells to stroke.
Surprisingly, another study reported that loss of CBF1 did not result in reactivation of ependymal cells (Imayoshi et al., 2010) , questioning whether canonical Notch signaling is required for ependymal cell quiescence. One possible explanation for this discrepancy is that, although Carlé n et al. provide evidence that the FoxJ1 Cre-driver they used to delete CBF1 was specific to the ependymal layer, others have found that FoxJ1 itself is not specific to that layer (Jacquet et al., 2009) , raising questions about the cellular specificity of the deletion. Furthermore, some NSCs in the SVZ can extend a process to contact the ventricle (Mirzadeh et al., 2008) such that viral labeling and expression methods, of the sort used by Carlé n et al., would not only have access to ependymal cells, but also to at least some SVZ stem cells. Those caveats aside, the work of Carlé n and colleagues nevertheless raises some interesting questions about the impact of Notch signaling on cellular proliferation and the maintenance of specific neural cell types.
A recent study in the adult zebrafish brain (Chapouton et al., 2010) has interesting similarities with several of the rodent studies described above, regarding (1) the role of Notch in stem cell quiescence (Carlé n et al., 2009) , (2) the coexistence of both proliferatively active and quiescent NSCs in the dentate gyrus (Lugert et al., 2010) , and (3) interactions between intermediate progenitors and NSCs (Aguirre et al., 2010) . In the zebrafish brain there are radial glial stem cells that can generate new neurons, and Chapouton et al. found that those radial glia can be either proliferatively active or quiescent and can move back and forth between those states as needed (Chapouton et al., 2010) . They argue that the quiescent state is maintained by Notch signaling, and receptor activation is driven by ligand present on intermediate progenitors. Thus, the more intermediate progenitors there are, the more the system will feed back to activate Notch and inhibit additional NSC divisions. This is similar to the observation made by Carlé n et al. in the mouse SVZ that Notch may be required for ependymal cell quiescence (Carlé n et al., 2009) . While some similarities can be noted, the zebrafish study also seems to contradict several mouse studies where Notch receptor or ligand overexpression results in stem cell proliferation and self-renewal rather than quiescence (Aguirre et al., 2010; Androutsellis-Theotokis et al., 2006; Mizutani et al., 2007; Yoon et al., 2004) . These differences may reveal species-specific phenomena, or may indicate that Notch promotes a cell fate that is quiescent or proliferative, depending upon the availability of other cues.
All told, while our understanding of the role of Notch in adult neurogenesis has lagged behind our understanding of it during development, concrete progress is now underway with numerous studies having emerged recently. Those studies have shown that the fundamentals of Notch signaling during embryonic neurogenesis apply to the germinal zones in the postnatal brain. By studying the well-characterized and highly stereotypical cellular heterogeneity of the postnatal SVZ and SGZ, and how Notch is utilized in distinct subsets of cells, we may uncover novel principles pertinent to Notch regulation in the developing brain as well.
Notch beyond Neurogenesis
A number of studies have examined the role of the Notch pathway in the differentiation of neurons, both during development and postnatally (Berezovska et al., 1999; Breunig et al., 2007; Franklin et al., 1999; Huang et al., 2005; Kurisu et al., 2010; Lü tolf et al., 2002; Nishimura et al., 2006; Redmond et al., 2000; Sestan et al., 1999) . Much of that work has focused on the regulation of neuronal morphology, and in particular dendritic arborization, by Notch and Numb. For example, consistent with earlier work on embryonic neurogenesis (Berezovska et al., 1999; Franklin et al., 1999; Redmond et al., 2000; Sestan et al., 1999) , one study showed that while disruption of Notch1 in the germinal zone of the postnatal dentate gyrus in vivo led to simpler dendritic trees with fewer branch points, activation of Notch1 led to more elaborate dendritic trees .
Little is known about how Notch and/or Numb influence neuronal morphology. Notably, the work of Giniger and colleagues (Giniger, 1998; Le Gall et al., 2008; Song and Giniger, 2011) has found that the Abl kinase, in particular through interactions with the Rac GTPase (Song and Giniger, 2011) , can regulate axonal guidance in Drosophila, and that this process involves the Notch pathway. Furthermore, work in mammalian cells has suggested that Numb can directly interact with the cdc42 guanine nucleotide exchange factor (GEF) intersectin, and with EphB2 to influence cytoskeletal dynamics and dendritic spine morphology (Nishimura et al., 2006) . Confirmation and elucidation of these findings would provide exciting new avenues for the study of the mechanistic function of Notch and Numb during neuronal differentiation.
In addition to regulating neuronal maturation and morphology, in recent years evidence has accumulated that Notch signaling can modulate the function of mature neurons. Numerous studies have found that Notch is required for synaptic plasticity, learning, and memory in rodents (Costa et al., 2003; Saura et al., 2004; Wang et al., 2004) , long-term memory formation in Drosophila (Ge et al., 2004; Matsuno et al., 2009; Presente et al., 2004) , and locomotive behavior in C. elegans (Chao et al., 2005) . For example, spatial learning and memory deficits were observed in mice heterozygous for mutations in Notch1 or CBF1 (Costa et al., 2003) . In addition, reduction of Notch1 expression by 50% (using an anti-sense strategy) resulted in reduced longterm potentiation (LTP) and enhanced long-term depression (LTD) (Wang et al., 2004) . Furthermore, several studies have provided evidence of the dynamic regulation of Notch following memory consolidation (Conboy et al., 2007) and neuronal stimulation at the neuromuscular junction (de Bivort et al., 2009) .
Consistent with a dynamic role for Notch signaling in neurons, our recent work in mice (Alberi et al., 2011) , along with the work of others in fruit flies (Lieber et al., 2011) , strongly indicates that Notch signaling is responsive to neuronal activity. In the fly work, Lieber and colleagues have shown that Notch activity occurs in response to odorant receptor activity in olfactory receptor neurons (ORNs) in the antenna. Using their previously developed transgenic system for reporting Notch activity (Struhl and Adachi, 1998) , they showed that different types of odorants induce Notch activity in specific subpopulations of ORNs, and that such activity is dependent upon olfactory receptor function and the Notch ligand Delta. Interestingly, the authors suggest that olfactory inputs transmitted by ORNs are integrated in the antennal lobe, leading to feedback that modulates Notch activity in the ORNs. In support of this contention, they show that disrupting synaptic transmission by either the ORNs, or their local interneurons, changes the pattern of Notch activity. All told, this exciting work clearly indicates that the Notch receptor is activated in complex neuronal ensembles in response to specific sensory inputs.
Nicely corroborating the fly work, we have found that in the mouse brain, Notch signaling is induced by synaptic activity (Alberi et al., 2011) . We show that Notch1 and its ligand Jag1 are present at the synapse, and that expression of both is increased in response to neuronal activity. In addition, using neuronal cultures, acute hippocampal slice preparations, and an in vivo behavioral paradigm, we show that Notch1 activation is enhanced by synaptic activity. We also identified a mechanistic connection between Notch and activity-dependent neuronal gene expression by showing that Notch activation in neurons is positively regulated by the activity-induced plasticity gene Arc/Arg3.1 Link et al., 1995; Lyford et al., 1995; Plath et al., 2006; Shepherd et al., 2006) . While the effect of Arc/Arg3.1 on Notch activation does not directly account for all of the effects of synaptic activity on Notch pathway components (i.e., how Notch1 and Jag1 expression are increased remains unclear), this work provides valuable insight into the regulation of Notch in neurons.
The existence of activity-dependent Notch signaling in both flies and mice suggests that this phenomenon is conserved and is likely to serve an essential function in neurons. Indeed, our work has shown that conditional deletion of Notch1 in pyramidal neurons of the postnatal hippocampus led to alterations in spine density and morphology, as well as reduced LTP and LTD. Consistent with defects in synaptic function, at the behavioral level, loss of Notch1 resulted in deficits in the processing of novel acquired information. Our Notch1 deletion results are in line with previous work of others (Costa et al., 2003; Saura et al., 2004; Wang et al., 2004) . However, by circumventing the potential contribution of developmental defects in two of those studies (Costa et al., 2003; Wang et al., 2004) , and the lack of Notch pathway specificity in another (Saura et al., 2004) , we have added strong support to the idea that Notch is essential for synaptic plasticity, learning, and memory in mammals. Based upon the study by Lieber and colleagues, and previous work on Notch and long-term memory formation in flies (Ge et al., 2004; Matsuno et al., 2009; Presente et al., 2004) , it is reasonable to speculate that activity-dependent Notch activation is also essential for synaptic function and information processing in flies and other animals.
Closing Remarks
As we hope to have made evident throughout the course of this review, a great deal of exciting progress has been made in the study of Notch in vertebrate nervous system in recent years. This is true with respect to both embryonic development, where a foundational understanding for Notch function has long existed, and adult neurogenesis and neuronal plasticity, where our grasp of the role played by Notch is just beginning. The ongoing examination of Notch signaling in neurogenesis and neuronal function is likely to generate novel insight relevant to the nervous system, to other developing tissues and stem cell populations, to other settings in which Notch signaling functions, and, possibly, to the manipulation of NSCs and neurons for therapeutic purposes.
